The pa per pres ents nu mer i cal anal y sis of ef fi ciency of the mod i fied Trombe wall with forced con vec tion. The analyzed sys tem com prises a dou ble glass glaz ing, and a mas sive wall with open ing and cen tral chan nel in it. In or der to in crease the
In tro duc tion
The pas sive so lar sys tems is well-know method for use of so lar en ergy as sources of heat ing in build ings. In practice build ings with pas sive so lar sys tem are still rare be cause there is the lack of avail able in for ma tion for the ef fi ciency of pas sive so lar sys tems. The analized heating sys tem is the mod i fied Trombe wall sys tem that con sists of a trans par ent cover (two glasses) and the mas sive wall with cen tral chan nel in it ( fig. 1 ). At the bot tom and the top of the mas sive wall, there are vents for al low ing an air cir cu la tion be tween en trance duct (air gap be tween trans par ent cover and wall), cen tral chan nel and room space. At the bot tom vent there is a fan so the air cir cu lates through wall by forced con vec tion. In or der to ap prove that analyzed type of the wall has better tem per a ture ef fects in re la tion to the clas sic Trombe wall the ex per i men tal test ing have been done.
Sub ject to the po si tion of the valve, the modified Trombe wall en sures the fol low ing is sues: A -room heat ing by hot air cir cu la tion from the en trance zone into the ad ja cent room; B -heat stor age, partly by the di rect ab sorp tion and con duc tion, and partly by hot air cir cu la tion from the en trance duct into the chan nel space; C -room heat ing and heat stor age by si mul ta -neous air cir cu la tion from the en trance duct into the room and the chan nel space; D -room heat ing when the wall is not ex posed to the so lar ra di a tion activ ity, the room be ing heated by both radi a tion and nat u ral con vec tion from the in side wall, and hot air cir cu la tion from the cen tral chan nel.
The lit er a ture pro vides abun dant infor ma tion on nu mer ous anal y ses of differ ent types of so lar wall. Smolec et al. [1] de scribed two-di men sional model for cal cu lat ing heat trans fer in a Trombe wall and its ex per i men tal ver i fi ca tion. Bhandari et al. [2] have in tro duced the con cept of so lar heat gain fac tor for calcu lat ing the net en ergy gain of pas sive heat ing el e ments and other com po nents of a build ing due to in ci dent so lar ra di ation. Zrikem et al. [3] stud ied the o ret i cally the trans fer of so lar ra di a tion in a com pos ite Trombe-Michel wall col lec tor sys tem. In an ex per i men tal in ves ti ga tion, Akbarzadeh at el. [4] used flow vi su al iza tions stud ies, which have given a deeper in sight into the fun da men tal flow mech a nisms of the Trombe wall pas sive test cell. Yedder et al. [5] have con ducted a nu mer i cal study of the ther mal per for mance of a clas sic Trombe wall so lar col lec tor sys tem in clud ing so lar col lec tor and the ad ja cent room. Shen et al. [6] de vel oped a sim u la tion model for nu mer i cal study of clas si cal and com pos ite solar wall by soft ware TRNSYS, us ing by the fi nite dif fer ence method and ex per i men tal re sults from re corded dur ing sev eral years. Skrivastava et al. [7] an alyzed south fac ing wall con sist ing of a mass of con crete/brick the sur face of which is black ened and glazed, with a net work of pipes from which heat can be ex tracted by fluid flow in such a man ner as to en sure con stant re trieval of the plane tem per a ture. Smolec et al. [8] stud ied the limi ta tions of the var i ous mod els used for the pre dic tion of heat trans fer in the Trombe wall.
In this pa per, mod i fied Trombe wall so lar col lec tor sys tem is stud ied nu mer i cally. The study pres ents the ef fect of vary ing air ve loc ity in en trance duct, so lar ra di a tion and room temper a ture on the ef fi ciency of the heat ing sys tem in such a man ner as to pro vide changes in any of these prop er ties as well as the im prove ment of the wall ef fi ciency. The re sults have been compared with the avail able ex per i men tal study. The pre sented method should re quire min i mum data in put and give re li able in di ca tion of be hav iour of analyzed so lar wall.
The sys tem de scrip tion
The heat trans fer modes and heat trans fer ex changes in the sys tem are pre sented in fig.  2 . The ex ter nal trans par ent cover trans mits so lar ra di a tion in, but holds back heat. Ex ter nal wall sur face is painted black and act as ab sorber of so lar ra di a tion. Aimed at the heat loss de crease, the ap pro pri ate so lu tion of the so lar wall is based on ap pli ca tion of a spe cial ab sorber and thermo-in su la tion coat ing over the outer wall sur face. Analyzed so lar wall is di vided and the exter nal part, act ing as a par ti tion, and the in ter nal one, act ing as a mas sive wall. The en ergy in put to the sys tem is the so lar ra di a tion re ceived on the ab sorber sur face. The air in the en trance duct is heated in con tact with the ex ter nal wall sur face, rises and cir cu lates to wards the cen tral chan - . The net losses from the sys tem are due to con vec tion and ra di a tion losses from the ab sorber sur face. The wall is cooled by forced con vec tion of the air in the gap between wall and glaz ing (en trance duct). At the top and bot tom of the wall, vents are provided for thermo-cir cu la tion of air with constant heat flux into the ad ja cent room. Cooler room air, drawn through the bot tom vent, is heated at it passes up the en trance duct and then de liv ered into the room through the top vent. This con vec tive heat tides, where the win ter sun is lower in the sky and thus falls more di rectly on the wall. The change in sun's tra jec tory dur ing the year also en ables the wall to be shaded, us ing over hangs or eaves, dur ing the sum mer when the sun's al titude is greater, and heat ing is not re quired.
The geo met ri cal, thermo-phys i cal and oper a tional pa ram e ters of the sys tem are: 
Math e mat i cal model
All three mech a nisms of heat trans fer (i. e., con duc tion, con vec tion, and ra di a tion) occur simultaneously dur ing heat trans fer in the so lar wall. In this in ves ti ga tion, the fol low ing simpli fied as sump tions have been made: the model is steady-state and heat trans fer through the system is simplified to one-di men sional one by as sum ing the dif fer ent lay ers of wall con struc tion to be at uni form tem per a ture at any given time, thermo phys i cal prop er ties of air and all ma te ri als in volved con stant and in de pend ent of tem per a ture, the re sis tance of con duc tion heat ex change through glaz ing is ne glected, air is con sid ered as a non-par tic i pat ing me dium in ra di a tion heat ex change, the en tire sys tem is wall in su lated so there are no heat lat eral losses, two hor i zon tal bound aries are adi a batic, and the tem per a ture of the ad ja cent room is con stant. As in all steady-state meth ods, the role of the stor age ca pac ity of the mas sive wall was not con sid ered. Ac cord ing to these as sump tions the math e mat i cal model of the wall is de vel oped.
The so lar ra di a tion trans mit ted through the glaz ing and trans formed into heat by the ab sorber is: S = taG (1) En ergy losses from both glaz ing at tem per a tures T 1 and T 2 and from the ex ter nal surface of the wall at tem per a ture T 3 are: 
When heat ef fects of the sun ra di a tion ac tiv ity are con sid ered over a suf fi ciently long pe riod of time, an es sen tial equa tion form is used for the ob tained use ful en ergy:
The en ergy bal ances for the air flow in an en trance duct is given as:
Vol ume flow rate of air is given as
1/2 and dis charge co ef ficient of two rows of vents in se ries with sim i lar cross-sec tion ar eas is C d = 0.57 [4] .
Air tem per a ture at the up per vent is cal cu lated from [2] :
Mass air flow through the cen tral chan nel is x & m (0 < x < 1), and the en ergy bal ances for the air is given as:
Heat flow into the in ter nal part of the wall (thick ness b 5 ) is trans ferred into the room air by con duc tion, and sub se quently by con vec tion and ra di a tion (see fig. 2 ):
The ef fi ciency of the pre sented heat ing con cepts, by so lar wall sys tem, can be de fined as the re la tion of the use ful heat de liv ered by the so lar wall to the to tal en ergy in put as fol lows: 
Elec tri cal en ergy can be found if we know the ki netic en ergy of the en trance air and use ful fan ef fec tive ness q el = v 3 rb 2 /Hh f [9] , where h f is de gree of the fan use ful ef fect (we used h f = 0.95).
Av er age con vec tion co ef fi cients (h i j ) used in pre vi ous equa tions are used from lit er ature ref er ences. The av er age con vec tion co ef fi cient due to wind on glaz ing from McAdams expres sion is [4] :
where w stands for uni form wind ve loc ity. The av er age con vec tion co ef fi cient be tween glazings was cal cu lated from [10] :
Nu Gr 
Equa tion (14) holds in the range 1.5·10 5 < Gr < 10 7 . The av er age con vec tive co ef fi cient in the en trance duct be tween the wall and the glazing for forced air flow over a ver ti cal plane sur face is [4] :
where v stands for uni form air ve loc ity in the en trance duct. The av er age con vec tive co ef fi cient in cen tral chan nel be tween air and the in ter nal part of the wall is .
Equa tion (17) holds in the range GrPr > 10 9 . For two par al lel sur faces as var i ous parts of the sys tem, emis sion fac tors are cal cu lated from the fol low ing equa tions: -for exterior glazing and ambient air: F e1 = e 1 2 -for exterior and interior glazing: F e2 = 1/[(2/e 1 2 ) -1] -for interior glazing and massive wall: F e3 = 1/[(1/e 1 2 ) + (1/e 3 ) -1] -for wall surface and room air: F e5 = e 3 Sys tem (1)- (12) is one-di men sional steady-state math e mat i cal model of the mod i fied Trombe wall. These equa tions ac com pa nied by prop erly se lected cor re la tion equa tion for convec tive and ra di a tive heat trans fer co ef fi cients have to be solved us ing it er a tion nu mer i cal technique to cal cu late un known val ues. The in put pa ram e ters con sid ered for the anal y sis are: so lar ra di a tion G, air ve loc ity in the en trance duct v, air in let tem per a ture in the en trance duct t in . The out put pa ram e ters of the model are: S, q, q f , q f1 , T 1 , T 2 , T 3 , T 4 , T 5 , T out , T out cd , and h.
Ex per i men tal re sults
In or der to an a lyze ther mal char acter is tics of the pre sented con cept of mod i fied Trombe wall, ex per i men tal re search was per formed with sim ple mod els of clas sic vent-free Trombe wall and mod i fied Trombe wall ( fig. 3 ) pro vided with vents for the flow of hot air from the en trance zone into the central chan nel [9] . Test ing mod els with equal col lect ing sur faces and trans mittance-ab sorp tance char ac ter is tics are placed ver ti cally and south-ori ented. Rear sur faces are open to the out side en vi ron ment.
The walls are con structed of concrete with ab sorb ing sur faces painted with matt black paint. The ex ter nal Figure 3 . Scheme of experimental models of classic Trombe wall and modified Trombe wall with location of temperature measure points: t a -ambient, t 1 , t 2 -glazing glasses, t -air in the entrance zone, t 3 -absorber, t' 3 , t 4 , t 5 -inside wall with radial fan and central channel wall sur face is shielded from the en vi ron ment by two panes of 3 mm thick com mer cial glass. The walls are thermo-in su lated from the lower side and all wall sides (ex cept the front and rear ones) along with glass gird ers are cov ered with a min eral 50 mm thick wall of ther mal con ductiv ity 0.037 W/mK, and spe cific den sity 27 kgm. All sur faces of both mod els with in stalled thermal in su la tion are cov ered with tin hous ing.
Com par a tive test ing of both mas sive walls in cluded mea sur ing of dis tinc tive tem per atures ( fig. 4) at both the time when the ra dial fan (20 W, 1450 rpm) at mod i fied Trombe wall was run ning (by day -in the sun shine) and when it was not run ning (when the ab sorb ing wall sur face was not ex posed to sun rays -by day and at night). The move able key was in the open po si tion during the fan run ning. Tem per a ture of am bi ent air and tem per a ture of air in en trance zone were measured us ing mer cu rial ther mom e ter. The ther mom e ters were cal i brated over the range 0-100 °C (class of ac cu racy ±0.2 °C). All tem per a tures of glass and wall were mea sured with dig i tal ap pa ratus MDL-910, with tem per a ture range from -5 to 70 °C (class of ac cu racy ±0.1 °C) . Fig ure 4 show mea sured tem per a tures at both types of so lar wall for three of many days of test ing.
Fig ure 4 shows com par a tively char ac ter is tic tem per a tures at both types of walls. The ex per i men tal re sults in fer that the tem per a ture in the mid-zone of trans par ent and ab sorb ing wall sur face of the com pos ite wall is higher than the one of the clas sic Trombe wall in the morn ing, and lower in the af ter noon. The tem per a ture of the rear sur face of the com pos ite wall dur ing the day (in the sun shine) is slightly higher than the one of the clas sic wall.
Re sults and dis cus sion
The nu mer i cal anal y sis was car ried out us ing val ues of the geo met ri cal and thermo-phys i cal pa ram e ters of the sys tem given in Sec tion The sys tem de scrip tion. Se ries of nu mer i cal cal cu la tions have been done for the eval u a tion of the ef fi ciency of the an a lyzed heat ing sys tem.
Re sults ob tained at var i ous air ve loc ities in the en trance duct, i. e. three mass airflow co ef fi cients through cen tral chan nel for G = 1000 W/m 2 and t in = 26 °C, are shown in fig. 5 . The cor re la tion be tween the ef fi ciency of the sys tem and air ve loc ity ex hibit the same trend for all mass air flow co ef ficients. When air ve loc ity in creases at lower air flow co ef fi cient (which means greater mass flow of heat air into the room), the ef fi ciency of the sys tem is no ta bly en hanced. For ex am ple, at 2 m/s air ve loc ity in the en trance duct 0.3 mass air flow co ef fi cient gives 57.39% sys tem ef fi ciency, whereas 0.2 mass air flow co ef fi cient gives 65.29%. The sys tem ef fi ciency is the high est when air ve loc ity at tains 4 m/s .  Fig ure 6 show the vari a tions of ef ficiency of the sys tem as a func tion of the so lar ra di a tion for both dif fer ent in let air tem per a tures in the en trance duct and mass air flow co ef fi cients through cen tral chan nel, for v = 1 m/s. As sys tem ef ficiency of the sys tem is the func tion of the so lar ra di a tion, which oc curs on the ver tical sur face of the so lar wall, the higher the so lar ra di a tion the higher ef fi ciency of the sys tem. It should be noted that for the given so lar ra di a tion, the ef fi ciency of the heat ing sys tem is higher at lower in let air tem per a ture in the en trance duct. The entrance duct is the part of the mas sive wall where heat losses are very in ten sive. There fore, if in let air tem per a ture in the en trance duct is lower, heat losses are lower while ef fi ciency is higher. For exam ple, when tem per a ture in the en trance duct de creases from 28 to 24 °C en ergy ef fi ciency in creases for about 18%. For ex am ple, at 700 W/m 2 so lar ra di a tion and 26 °C in let air tem per a ture in the en trance duct mass air flow co ef fi cients 0.2, 0.3, and 0.4 re sult in 55.28, 48.58, and 41.98% of sys tem ef fi ciency, re spectively.
For prac ti cal pur poses, en ergy ef ficiency of the pre sented sys tem, ex pressed as a func tion of the so lar ra di a tion, can be cal cu lated by the func tion given in tab. 1.
The ef fect of the air in let tem per a ture in the en trance duct on the sys tem ef ficiency, for three dif fer ent mass air flow co ef fi cients through the cen tral chan nel for G = 1000 W/m 2 , is il lus trated in fig. 7 . The re sults in di cate that sys tem ef fi ciency de creases with the in crease of in let air tem per a ture in the en trance duct. The in crease of in let air tem per ature in the en trance duct for about 17% brings about de crease in the ef fi ciency of the heat ing system for about 4%. For a given air in let tem per a ture in the en trance duct, the ef fi ciency of the heat ing sys tem is higher for lower mass air flow co ef fi cients through cen tral chan nel. Prac ti - cally, ef fi ciency of the sys tem is a linear func tion of in let tem per a ture in the en trance duct, and it can be cal culated by func tions given in fig. 7 .
Con clu sions
This study pres ents a sim ple method for the eval u a tion of en ergy ef fi ciency of the mod i fied Trombe solar wall. The ef fect of vary ing air veloc ity in en trance duct, so lar ra di ation, and am bi ent tem per a ture on ef fi ciency of the heat ing sys tem are pre sented. The nu mer i cal re sults have in di cated that the ef fi ciency of the heat ing sys tem by so lar wall is en hanced with the in crease in both air ve loc ity in the en trance duct and so lar ra di a tion. Ef fi ciency of the sys tem de creases with the rise in air in let tem per a ture in the en trance duct. At con stant so lar ra di a tion, with in creas ing air ve loc ity in the en trance duct, so lar wall ef fi ciency in creases. This sim pli fied method en ables us ers to eval u ate the ef fi ciency of the heat ing sys tem of a num ber of op tions and to make compar i son and pre dic tions of ther mal be hav ior un der op er at ing con di tions. [%] 
